The study deals with photophoresis of a spherical micro-particle suspended in absorbing gaseous media. Photophoretic motion of the particle stems from the asymmetric distribution of absorbed energy within the particle. By evaluating the so-called heat source function at various conditions, the study focuses on the effects of governing parameters on the energy distribution within the particle and their potential influences to the photophoresis. The results reveal that the increase in either particle size or absorptivity enhances the energy intensity on the illuminated (leading) side and tends to generate positive photophoresis. For a particle of low absorptivity, the energy distribution is dominated by particle refraction. Enhancing particle refractivity, the energy tends to be focused onto a certain spot area on the shaded (trailing) side and leads to a tendency of negative photophoresis. Increasing medium absorptivity significantly degrades the level of energy absorbed by the particle and in turn weakens the driving force of the particle photophoresis.
NOMENCLATURE
Spherical coordinate system components
INTRODUCTION
Aerosol particles in atmosphere may affect the light direction and the air visibility through absorbing and scattering light. With the feature of visibility degradation due to the presence of the suspended particles, a smoke screen in defence can be employed to mask the movement or location of military units. A suspended aerosol particle encounters gravity, buoyancy, and frictional drag. Some particles could be caused to levitate and others induced to fall more rapidly 1 . It was shown that the altitude at which the photophoretic force balancing gravity corresponds to the altitude where observed aerosol layer existing in the atmosphere 2 . It may be considered as an evidence for a possible role of photophoretic forces in aerosol stratification in the atmosphere 3 . In previous experimental studies, it has been shown that the effect of sunlight on aerosol behaviour in the atmosphere could be significant and sometimes even stronger than the gravitational influence on individual aerosol particles 4 . Atmospheric aerosols also significantly influence climate of the earth and human health 5 . Besides the military applications, this class of optofluidic mechanisms also have applications in other engineering disciplines.
In optical radiation fields, it has been well-known that a particle subjected to an intense light beam absorbs and scatters light and turns electromagnetic energy into thermal energy within the particle. The uneven heat distribution in the particle will cause the photophoresis force, which might drives the particle either toward (negative photophoresis) or away from (positive photophoresis) the light source. The photophoretic force stems from the internal energy absorbed by the particle, for which the so-called heat source function (HSF) within the particle is a key. A number of works have been devoted towards the calculation of HSF based on the Mie scattering theory in non-absorbing media [6] [7] [8] [9] [10] . But in general, the medium surrounding the particles may contain constituents with significant absorption. For example, ozone and CO 2 in the atmosphere have strong absorptive bands at 9.6 mm and 15 mm, respectively 11 . The effects of the medium absorptivity on HSF of a particle is important to many applications including light scattering by cloud particles surrounded, water vapours in the atmosphere, biological particles in the ocean, and air bubbles in the ocean and sea ice 12 . For an absorbing medium, the Mie theory is no longer valid and the Mie equations have to be modified. A few studies have been carried out to develop the theoretical models and the properties of light scattering by spherical [13] [14] [15] [16] [17] and non-spherical [18] [19] [20] [21] particles suspended in the absorbing medium. From the above review of previous studies of microparticle photophoresis, it is found that the effects of optical properties of particle and gaseous medium on the radiants absorption were not investigated in details, especially in the case of absorbing medium. The present work performs a detailed parametric analysis for the photophoresis of an absorbing particle in absorbing gaseous medium. Variations of the absorbed energy by the micro-particle at various conditions have been evaluated. The underlying physical mechanisms have also been addressed.
THEORETICAL BACKGROUND
As shown in Fig. 1 , an isotropic homogenous particle is suspended in a gaseous fluid with a monochromatic, parallel, and linearly polarised light beam along the z-direction. The temperature distribution in the particle, T p , is described by the solution to the following equation:
where, k p is the thermal conductivity of the particle, and Q(r,q)
is the radiant absorption which can be related to Poynting vector and is given 6 by ( )
In the above equation, s is the electrical conductivity of the particle, and
where, n p and k p are the real and imaginary parts of the complex refractive index of a particle, m p = n p + k p i, l 0 is the wavelength in vacuum, m the magnetic permeability, and c the speed of light in vacuum. The HSF can be characterised by the magnitude of 2 E , for which there is a need to evaluate the components of the internal electric field within the particle, i.e., E r , E q , and E f , which can be expressed 22, 23 as:
The coefficients c n and d n in the above equations for Mie scattering in absorbing media are given 17 by:
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Celebrating Sixty Years of Publication where E 0 is the amplitude of incident electric field, m is the refractive index of the spherical particle relative to the gaseous medium, 2 / R a º p l is the size parameter, n n n i x = y + c is the Hankel function, and n y and n c denote the Ricatti-Bessel functions of the first kind and second kind, respectively.
RESULTS AND DISSCUSSION
For an absorbing medium, the incident electric field amplitude, 0 exp( ), a E = -a k used in a number of previous studies 13, 14, 23 is adopted. The present calculation of HSF distribution within a particle in absorbing media has been successfully verified as comparing with the previous results 14 .
Effects of Particle Size
The absorbing abilities of particles and gases depend on the wavelength of the incident light. For example, carbon dioxide, water, and ozone may absorb energy at wavelengths between 4 mm and 26 mm 24 . In this situation, the absorption coefficients of the particles have the values of 0.1350.290 for dust, 0.0510.325 for quartz, 0.732 for acetylene soot 25 , etc.
With consideration of the above-mentioned data, the values of k p from 0.06 to 0.4 are adopted in the present analysis. As to the absorption coefficient of air, k a , values up to 0.5 were used in previous studies 12, 14 . Here, the values of k a from 0 to 0.2 are considered. Figure 2 presents the HSF distributions with changes in particle size parameter at the condition of m a =1.0+0.01i and m p =1.5+0.06i. In the case of 5 . 0 = a shown in Fig. 2(a) , the internal energy distribution with such a small size is nearly uniform. For a larger particle size, 10 = a in Fig.  2(b) , the particle acts as a microlens and the incident light or energy is absorbed and focused in a region close to the shaded (trailing) surface. This situation may lead to a negative photophoresis. At 20 = a , the distance of light path within the particle is longer and the illuminated (leading) surface absorbs more energy from the incident light yielding a symmetrical distribution as shown in Fig. 2(c) . As the particle size further increases to 40 = a , Fig. 2(d) shows that the HSF peak near the trailing side diminishes and the energy absorbed by the leading surface becomes dominant, which is beneficial to the occurrence of positive photophoresis.
Effects of Particle Refractivity
To highlight the influences of light refraction, both small absorptivities of particle and gas medium, i.e.,k p = 0.06 and k a = 0.01, are used in analysis. For the microparticle of size 10 = a and refractivity n p = 1.1, since the incident light is difficult to focus in the interior region of the particle, the HSF is nearly uniform and of low level as shown in Fig. 3(a) . When the particle refraction increases to n p = 2.0, a highlighted region of the HSF appears near the shaded (trailing) side, which leads to a negative photophoresis in Fig. 3(b) . Enhancing the particle refraction to n p = 3.0, (Fig. 3(c) ), the absorption peak becomes more evident and moves gradually forward. Finally, at n p = 4.0, the refraction generates a sharp absorption peak and moves towards the particle centre ( Fig. 3(d) ). From the above HSF contours, it is obvious that the variation in light refraction is the major reason for the movement of the energy spot location. The light refracted by the micro particle focuses onto a certain spot area located between the center and the trailing surface of the particle, and the limit of the forward movement is the particle centre. The wave-like pattern of HSF contours in Fig. 3(d) comes from the continuous reflection of the internally refracted rays within the particle. Figure 4 presents the effect of particle absorptivity k p on the HSF distribution within a particle of 10 = a and low refractivity n p = 1.5 in an absorbing medium of m a =1.0 + 0.01i. At the low aborptivity, k p = 0.06, the particle exerts strong microlens effect and a salient HSF peak lies close to the trailing surface (Fig. 4(a) ). As the particle absorptivity increases to k p = 0.1 (Fig. 4(b) ), more energy of the incident light is absorbed by the illuminated leading surface and the HSF peak located near the trailing surface of the particle is obviously weakened. An increase in the particle absorptivity, k p = 0.2, enhances light absorption of the illuminated surface and enables premature positive photophoresis in Fig. 4(c) . At further higher absorptivities, k p = 0.4, the HSF distribution shown in Fig. 4(d) demonstrates the energy absorbed by the leading surface and the HSF peak diminished noticeably.
Effects of Particle Absorptivity
in absorbing gaseous medium has been performed. The results demonstrate that the energy distribution inside the micro-particle is highly dependent of the particle size and optical properties of the particle and the background medium. Based on the present analysis, the following conclusions can be drawn:
The increase in either particle size or absorptivity enhances the energy intensity on illuminated or leading side and tends to generate positive photophoresis. For a particle of low absorptivity, the energy distribution is dominated by particle refraction. Enhancing the refractivity, the energy from the incident light tends to be focused onto a certain spot area on the shaded (trailing) side and thus leads to a tendency of negative photophoresis. Moreover, increasing medium absorptivity significantly degrades the level of energy absorbed by the particle, which will in turn weaken the driving force of the particle photophoresis. Figure 5 reveals the effects of the gaseous medium absorptivity on HSF distribution, in which the results for particles of size 10 = a , m p =1.5+0.1i, and m a =1.0+k a i with k a = 0.0, 0.05, 0.1, and 0.2 are presented. In non-absorbing medium, k a = 0.0, the absorption centre locates on the trailing side of the particle (Fig. 5(a) ). With increasing light absorption of the medium, part of the incident energy is absorbed by the medium. Therefore, both the energy reaching at the particle and also the energy focused onto the area near the trailing surface are reduced. As a result, the HSF peak and the energy level within the particle are both decreased as shown in Figs 5(b) and 5(c). In Fig. 5(d) for k a = 0.2, more energy is absorbed by the medium, and the intensity of the peak on the trailing side diminishes.
Effects of Gas Medium Absorptivity

CONCLUSIONS
In the present work, a parametric analysis of energy absorption concerned with photophoresis of a micro-particle
